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ABSTRACT— Sustained  whole-body  exposure  of  anesthetized  rats  to  35-GHz  radio  frequency  radiation 
produces  localized  hyperthermia  and  hypotension,  leading  to  circulatory  failure  and  death.  The  physiological 
mechanism  underlying  the  induction  of  circulatory  failure  by  35-GHz  microwave  (MW)  heating  is  currently 
unknown.  We  hypothesized  that  oxidative  stress  may  play  a  role  in  the  pathophysiology  of  MW-induced 
circulatory  failure  and  examined  this  question  by  probing  organs  for  3-nitrotyrosine  (3-NT),  a  marker  of 
oxidative  stress.  Animals  exposed  to  low  durations  of  MW  that  increased  colonic  temperature  but  were 
insufficient  to  produce  hypotension  showed  a  5-  to  12-fold  increase  in  3-NT  accumulation  in  lung,  liver,  and 
plasma  proteins  relative  to  the  levels  observed  in  control  rats  that  were  not  exposed  to  MW.  3-NT  accumu¬ 
lation  in  rats  exposed  to  MW  of  sufficient  duration  to  induce  circulatory  shock  returned  to  low,  baseline  levels. 
Leukocytes  obtained  from  peripheral  blood  showed  significant  accumulation  of  3-NT  only  at  exposure  levels 
associated  with  circulatory  shock.  3-NT  was  also  found  in  the  villus  tips  and  vasculature  of  intestine  and 
within  the  distal  tubule  of  the  kidney  but  not  in  the  irradiated  skin  of  rats  with  MW-induced  circulatory  failure. 
The  relationship  between  accumulation  in  liver,  lung,  and  plasma  proteins  and  exposure  duration  suggests 
either  that  nitro  adducts  are  formed  in  the  first  20  min  of  exposure  and  are  then  cleared  or  that  synthesis  of 
nitro  adducts  decreases  after  the  first  20  min  of  exposure.  Taken  together,  these  findings  suggest  that 
oxidative  stress  occurs  in  many  organs  during  MW  heating.  Because  nitration  occurs  after  microwave 
exposures  that  are  not  associated  with  circulatory  collapse,  systemic  oxidative  stress,  as  evidenced  by  tissue 
accumulation  of  3-NT,  is  not  correlated  with  circulatory  failure  in  this  model  of  shock. 
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INTRODUCTION 

Sustained,  whole-body  exposure  of  ketamine-anesthetized 
rats  to  35-GHz  radio  frequency  radiation  produces  a  pattern  of 
heating  that  is  characterized  by  a  pronounced  increase  in  skin 
temperature  at  the  irradiated  site  with  only  moderate  heating  of 
the  body  core  (1).  This  is  because  the  shallow  depth  of  pen¬ 
etration  at  this  frequency  (35  GHz)  results  in  the  deposition  of 
energy  primarily  in  the  cutaneous  region  (2,  3).  Although  the 
degree  of  core  body  heating  differs  from  that  associated  with 
heat  stroke  induced  by  environmental  heating,  the  cardiovas¬ 
cular  responses  to  35-GHz  microwave  (MW)  heating  are  re¬ 
markably  similar  to  those  produced  by  sustained  environmental 
heat  stress  (4).  That  is,  both  MW  heating  and  environmental 
heating  produce  an  increase  in  heart  rate.  In  addition,  arterial 
blood  pressure  is  well  maintained  during  the  initial  stages  of 
hyperthermia  but,  as  heating  continues,  blood  pressure  de¬ 
creases  and  eventuates  in  circulatory  failure  in  both  instances. 
Furthermore,  pronounced  mesenteric  vasodilation  accompa¬ 
nies  the  onset  of  the  hypotensive  response  in  both  MW  heating 
and  environmental  heat  stress  (1,4).  Thus,  MW  exposure  pro- 
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duces  a  pattern  of  cardiovascular  responses  similar  to  that  pro¬ 
duced  by  a  more  familiar  modality  of  heating  (i.e„  environ¬ 
mental  heat  stress),  despite  a  different  thermal  distribution. 

The  identity  of  primary  molecular  mediators  of  MW- 
induced  circulatory  failure  is  not  known.  Experimental  evi¬ 
dence  obtained  thus  far,  however,  has  shown  that  some  path¬ 
ways  are  not  involved  in  the  pathophysiology  of  MW-induced 
hypotension  and  shock.  Nitric  oxide  (NO)  is  upregulated  dur¬ 
ing  shock  of  many  different  etiologies  and  is  thought  to  play  an 
important  role  in  shock  pathogenesis  by  increasing  vasodila¬ 
tion  and  thereby  contributing  significantly  to  vascular  collapse 
(5-7).  The  importance  of  NO  in  contributing  to  many  types  of 
experimental  shock  has  been  supported  by  observations  dem¬ 
onstrating  that  pharmacological  inhibition  of  de  novo  NO  syn¬ 
thesis  reduces  vascular  decompensation,  increases  blood  pres¬ 
sure,  and  ultimately  increases  survival  (5-7).  Similar 
experiments  performed  in  the  MW-induced  shock  model  using 
the  NO  synthase  (NOS)  inhibitor  N“-nitro-L-arginine  methyl 
ester  (L-NAME)  delivered  either  chronically  during  a  2-week 
period  before  MW  exposure  (8)  or  at  inhibitory  doses  admin¬ 
istered  acutely  after  MW  exposure  (9)  demonstrate  that  NOS 
inhibition  has  virtually  no  effect  on  blood  pressure  or  survival 
time.  These  findings  suggest  that  de  novo  synthesis  of  NO  does 
not  contribute  to  MW-induced  circulatory  failure.  Conversely, 
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continuous  infusion  of  S-nitroso-/V-acetylpenicillamine 
(SNAP),  an  agent  producing  pharmacologically  significant, 
steady-state  levels  of  NO  in  vivo,  during  MW  exposure  has  no 
effect  on  blood  pressure  or  survival  time  (10). 

Production  of  highly  reactive  (relative  to  NO)  and  poten¬ 
tially  toxic-free  radical  species  occurs  during  many  forms  of 
traumatic  injury  and  shock  (11,12)  and  an  increasingly  impor¬ 
tant  role  for  these  compounds  in  shock  pathogenesis  is  emerg¬ 
ing.  In  hemorrhagic,  endotoxic,  and  splanchnic  artery  occlu¬ 
sion/reperfusion  models  of  shock  induction,  levels  of 
peroxynilrite,  a  toxic-free  radical  formed  in  situ  by  the  reaction 
of  NO  and  superoxide,  increase  within  1  h  (13).  Furthermore 
inhibition  of  peroxynilrite  formation  prevents  both  cellular 
damage  and  vasodilation  after  hemorrhage  or  ischemia/ 
reperfusion  (14,  15).  Because  heme-containing  red  blood  cells 
are  reservoirs  of  NO  (16,  17),  de  novo  synthesis  may  not  be  a 
strict  requirement  for  increased  levels  of  free  NO  if  there  is 
chemical  motivation  for  liberation.  MW  exposure  may  provide 
the  required  chemical  motivation  for  release  of  NO  from  red 
blood  cells  because  exposure  to  2450-MHz  radio  frequency 
radiation  in  vitro  has  been  shown  to  increase  erythrocyte  sen¬ 
sitivity  to  oxidative  hyperthermic  hemolysis  ( 1 8)  and  to  revers¬ 
ibly  alter  the  thermodynamics  of  oxygen  binding  to  hemoglo¬ 
bin  (19).  This  evidence,  albeit  indirect,  suggests  the  possibility 
that  NO  release  may  occur  from  red  blood  cells  as  they  pass 
through  MW-exposed  skin. 

These  observations  have  led  us  to  hypothesize  that  free  radi¬ 
cals  may  act  as  mediators  of  the  circulatory  failure  induced  by 
sustained  MW  exposure.  Because  the  in  vivo  half-life  of  free 
radicals  is  <1  s  in  vivo  (11),  we  measured  the  abundance  of 
3-nitrotyrosine  (3-NT),  a  molecule  that  is  produced  from  the 
interaction  of  nitrating  free  and  protein  bound  tyrosine.  We 
anticipated  that,  if  free  radicals  were  involved  as  mediators, 
then  3-NT  accumulation  would  be  correlated  with  shock.  In 
other  words,  the  highest  levels  of  3-NT  are  expected  aftei 
exposures  associated  with  shock  and  that  less  accumulation 
will  occur  after  exposures  not  associated  with  shock. 

MATERIALS  AND  METHODS 

Animal  care 

All  experiments  and  animal  care  procedures  were  approved  by  the  Institu¬ 
tional  Animal  Care  and  Use  Committee  of  Air  force  Research  Laboratories, 
Brooks  Air  Force  Base,  Texas  and  were  conducted  according  to  the  National 
Institutes  of  Health  "Guide  for  the  Care  and  Use  of  Laboratory  Animals" 
prepared  by  the  Committee  on  Care  and  Use  of  Laboratory  Animals  ot  the 
Institute  of  Laboratory  Animal  Resources-National  Research  Council. 

Male  Sprague-Dawley  rats  were  obtained  lront  the  colonies  of  Charles 
River  Laboratories  (Wilmington.  MA).  They  were  individually  housed  in  stan¬ 
dard  plastic  cages  (26  x  23  x  20.5  cm)  with  water  and  food  available  ad 
libitum.  Rats  were  4—5  months  old  and  weighed  350-400  g  (367  ±  1  g)  at  the 
time  of  the  experiments.  A  12-h  light:  1 2-h  dark  cycle  (light  on  at  6:00  a.m.) 
was  used,  and  the  room  temperature  was  maintained  at  22-24  C. 

Instrumentation  and  preparation 

Animals  were  anesthetized  with  urethane  (1.6  g/kg;  i.p.),  and  lelt  and  right 
abdominal  areas  were  shaved  belore  surgery.  Colonic  temperature  (Tc)  was 
maintained  at  37.0  ±  0.5°C  during  all  surgical  procedures.  A  Teflon  catheter 
(PE  20)  was  placed  into  a  carotid  artery  for  measurement  of  arterial  blood 
pressure.  The  catheter  was  attached  to  a  precalibrated  blood  pressure  trans¬ 
ducer  (model  CP-01:  Century,  Inglewood,  CA).  A  lead  II  electrocardiogram 
(ECG)  was  obtained  with  use  of  nylon-covered  fluorocarbon  leads  attached  to 


a  shielded  cable  placed  outside  the  MW  field.  All  measured  variables  were 
recorded  continuously  throughout  experimentation  on  a  Gould  TA2000 
recorder. 

Animals  were  also  instrumented  to  monitor  temperature  at  four  sites:  1)  left 
subcutaneous  (lateral,  midthoracic,  side  facing  the  MW  antenna;  T„,);  2)  left 
tympanic;  3)  colonic  (5-6  cm  post-anus);  and  4)  tail  (subcutaneous,  dorsal,  I 
cm  from  base).  The  tail  was  placed  within  a  4-cm-diameter  tube  wrapped  with 
2  layers  of  radio  frequency  radiation  shielding  material  (Bekaerl  Steel  Wire 
Corp.,  Marietta,  GA).  Thus,  the  tail  was  shielded  from  direct  exposure  to  MW, 
yet  air  was  allowed  to  flow  freely  around  the  tail.  All  temperature  measure¬ 
ments  were  obtained  via  thermistor  probes  (BSD  Medical  Corporation,  Salt 
Lake  City,  UT)  attached  to  a  precision  thermometry  system  (model  BSD-200; 
BSD  Medical  Corporation).  All  temperature  and  cardiovascular  data  were  A/D 
(analog  to  digital)  converted  by  an  IBM-compatible  custom-designed  moni¬ 
toring  system  with  real-time  graphics  display  and  data  analysis  capabilities. 

MW  equipment 

Continuous-wave  35-GH/.  fields  were  generated  by  a  Millimeter  Wave 
Exposure  System  (Applied  Electromagnetics,  Inc.,  Atlanta,  GA).  Irradiation 
was  conducted  under  far-field  conditions  with  the  animal  centered  along  the 
boresighl,  1 10  cm  from  the  antenna.  The  incident  power  density  of  the  field 
was  determined  at  the  exposure  site  with  an  electromagnetic  radiation  monitor 
(Narda  Microwave  Corporation,  Hauppaugc,  NY).  The  generator  power  output 
was  monitored  throughout  exposure  with  a  model  4-32-B  Hewlett-Paekard 
power  meter.  Irradiation  was  conducted  in  an  Eccosorb  RF-shielded  ancchoic 
chamber  at  the  Radiofrequency  Radiation  Division  of  the  USAF  Armstrong 
Laboratory,  Brooks  Air  Force  Base,  Texas.  Chamber  temperature  and  relative 
humidity  were  maintained  at  27.0  ±  0.5°C  and  20  ±  5%,  respectively,  during 
experimentation. 

Experimental  procedure 

Alter  surgery,  the  rat  was  placed  on  a  Plexiglas  holder  in  an  ancchoic 
chamber  (I).  All  animals  were  instrumented  with  temperature  probes  (see 
Instrumentation  and  preparation)  and  cardiovascular  leads  for  data  collection. 
After  a  10-min  control  period,  the  animal  was  exposed  individually  in  the  H 
orientation  (left  lateral  exposure,  long  axis  of  body  parallel  to  magnetic  field) 
to  35-GHz.  radio  frequency  radiation  at  an  incident  power  density  of  75  mW/ 
cm2.  The  orientation  of  the  animal  with  respect  to  the  field  was  previously 
erroneously  reported  to  be  E  (e.g.,  1);  however,  cardiovascular  and  temperature 
responses  to  radio  frequency  radiation  at  35  GHz  do  not  difler  between  E  and 
H  orientations  (20).  This  power  density  results  in  a  whole-body  specilic  ab¬ 
sorption  rate  of  1 3.0  W/kg  ( I ). 

During  the  10-min  control  period,  baseline  temperatures  were  recorded,  and 
Tc  was  maintained  at  37.0  ±  0.5°C  with  use  of  a  water-perfused  heating  pad. 
Rats  were  randomly  assigned  to  1  of  7  groups  (n  =  8/group).  In  the  first  group, 
animals  were  placed  on  the  MW  platform  and  heated  with  a  water-perfused 
heating  pad  until  Tc  =  37.0°C:  these  rats  were  not  exposed  to  MWs.  In  this 
group,  Tc  was  carefully  monitored  so  that  it  did  not  exceed  37.0°C  during 
cither  surgical  or  experimental  procedures.  Rats  of  the  next  4  groups  were 
exposed  to  MWs  until  Tc  reached  a  specific  temperature  (38,  39,  40,  or  4 1  °C, 
respectively).  In  a  sixth  group,  rats  were  exposed  to  MW  until  mean  arterial 
pressure  (MAP)  decreased  to  75  mmHg.  Previous  experiments  indicated  that, 
if  irradiation  is  discontinued  at  this  point,  MAP  will  continue  to  decline  until 
death  (8-10).  Therefore,  we  discontinued  MW  exposure  at  this  point  and 
arbitrarily  defined  this  as  the  point  of  circulatory  shock  induction.  These  ani¬ 
mals  were  pooled  in  subsequent  analysis  as  a  group  with  Tc  =  42+°C,  al¬ 
though  the  Tc  at  attainment  of  endpoint  was  actually  42.7  ±  0.1°C.  In  a  final 
group,  rats  were  anesthetized  and  instrumented  but  were  not  exposed  to  MW; 
this  group  was  maintained  at  Tc  =  37.0  ±  0.5°C  and  monitored  for  a  total  of 
55  min  as  a  time  control  for  MW  exposure  groups.  Cardiovascular  and  tem¬ 
perature  parameters  were  continuously  recorded  during  the  control  period  and 
throughout  the  MW  or  sham  exposure  period. 

Tissue  harvest 

Immediately  after  cessation  of  MW  or  sham  exposure,  the  animal  was 
disconnected  from  all  probes  and  leads  and  removed  from  the  platform.  A 
midline  incision  was  made,  and  a  blood  sample  was  withdrawn  by  cardiac 
puncture  into  a  heparinized  vaculainer  tube.  A  1-mL  sample  of  whole  blood 
was  then  immediately  added  to  9  mL  of  fixative  (FACS  lysing  solution;  Bee- 
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ton-Dickson)  for  processing  by  flow  cytometry.  The  remaining  blood  was 
separated  into  plasma  and  cellular  constituents  by  centrifugation;  plasma  was 
collected  and  immediately  frozen  and  stored  at  -70°C  until  time  of  3-NT 
enzyme-linked  immunosorbent  assay  (ELISA).  After  blood  collection,  samples 
of  liver,  lung,  intestine,  kidney,  and  samples  of  the  abdominal  skin  from  the 
left  (irradiated)  and  right  (nonirradiated)  sides  were  immediately  placed  into 
10%  neutral-buffered  formalin.  These  were  later  processed  into  4-p.m  sections 
and  mounted  onto  positively  charged  slides  for  immunohistochemistry. 

Measurement  of  3-NT  using  flow  cytometry 

After  fixation  and  lysis,  cells  were  washed  2  times  in  10  mL  Dulbecco’s 
Phosphate-Buffered  Saline  (DPBS),  blocked  with  10%  normal  goat  serum  in 
DPBS  for  30  min,  centrifuged,  and  then  resuspended  in  10  pL  of  rabbit 
polyclonal  IgG  anti-3-NT  antibody  (Upstate  Biotechnology,  Lake  Placid,  NY), 
diluted  20-fold  in  DPBS  in  10%  normal  goat  serum,  and  incubated  overnight 
in  the  dark  at  4°C,  Cells  were  then  washed  2  times  with  1  mL  of  DPBS,  and 
the  ceil  pellet  was  resuspended  in  10  pL  of  phycoerythrin-conjugaled  goat 
anti-rabbit  Fab  fragment  (Sigma,  St.  Louis,  MO),  diluted  20-fold  in  DPBS,  and 
then  incubated  for  1  h  at  room  temperature.  After  incubation,  the  cells  were 
washed  with  I  mL  of  DPBS  and  then  suspended  in  400  pL  of  DPBS. 

Processing  for  3-NT-negative  control  was  identical  to  the  above  with  the 
exception  that  immunoglobulin  (Ig)G  collected  from  normal  rabbit  serum 
(DAKO.  Cupertino,  CA)  was  used  instead  of  anti-3-NT  IgG  antibody.  The 
concentration  of  rabbit  IgG  in  the  negative  control  was  identical  to  anli-3-NT 
antibody.  During  flow  cytometry,  cells  were  selected  on  a  dot-plot  of  linear 
SSC  x  linear  FSC.  The  fluorescence  intensity  associated  with  phycoerythrin 
was  measured  by  using  the  peak  height  measured  for  each  cell  in  the  FL-2 
bandpass  filter.  The  same  instrument  settings  were  used  during  all  runs  re¬ 
ported.  The  geometric  mean  of  the  population  of  FL-2  signals  was  computed 
with  use  of  Cell  Quest  software  (Becton-Dickinson)  and  used  in  subsequent 
statistical  comparisons.  A  minimum  of  10,000  cells  was  used  for  population 
statistics. 

Measurement  of  3-NT  in  plasma 

A  20-pL  sample  of  plasma  was  mixed  with  80  pL  of  0.1  M  sodium 
bicarbonate  buffer  (pH  8.5)  and  then  placed  in  a  %-well  ELISA  plate  and 
allowed  to  bind  for  2  h  at  37°C  and  then  overnight  at  4°C  (21).  The  sample  was 
then  decanted,  and  the  endogenous  peroxidase  activity  neutralized  by  addition 
of  0.3%  hydrogen  peroxide  in  methanol  for  30  min  at  room  temperature  in  the 
dark.  Nonspecific  binding  was  blocked  with  10%  Normal  Goal  Serum  (NGS; 
BioDesign  International,  Kennebunk,  ME)  for  1  h  at  37°C.  Wells  were  washed 
3  times  with  10%  NGS,  0.05%  Tween  20  in  phosphate-buffered  saline  (PBS). 
After  the  last  wash,  1.6  pg  of  rabbit  3-NT  polyclonal  antibody  (Upstate  Bio¬ 
technology)  in  100  pL  of  PBS  was  added  to  each  well  for  1  h  at  room 
temperature,  decanted,  and  washed  3  times  with  10%NGS/PBS/0.05%  Tween 
20.  Goat-anti  rabbit  IgG-biotin  conjugate  (Sigma)  1:2000  in  10%  NGS/PBS 
100  pL  was  added  to  each  well  for  1  h  at  37°C.  Wells  were  washed  2  more 
times  with  10%  NGS/PBS/0.05%  Tween  20  followed  by  1  wash  with  10% 
NGS/PBS.  A  colorometric  signal  proportional  to  the  amount  of  3-NT  was 
obtained  by  using  an  avidin  conjugated  horseradish  peroxidase  system  (Vector 
Laboratories,  Burlingame,  CA).  After  a  20-min  development,  the  reaction  was 
stopped  with  addition  of  100  pL  of  2%  sodium  dodecyl  sulfate  (SDS)  in 
deionized  water,  and  absorbance  was  read  at  405  nm  on  a  microtiter  plate 
reader. 

Immunohistochemical  detection  of  3-NT  in  tissue 

Tissue  sections  were  deparaffinized  in  xylene  and  then  rehydrated.  Non¬ 
specific  binding  was  blocked  by  incubation  of  sections  in  10%  NGS  in  PBS  for 

1  h  followed  by  incubation  with  the  rabbit  polyclonal  3-NT  antibody  1:200  for 

2  h  at  room  temperature.  Slides  were  then  washed  3  times  in  PBS  and  then 
incubated  with  goat  anti-rabbit  phycoerythrin  conjugate  for  1  h  at  room  tem¬ 
perature.  Slides  were  washed  in  PBS,  dried,  and  coverslips  mounted  with  a 
antifading  agent  (Sigma).  Images  were  captured  by  using  an  inverted  laser¬ 
scanning  confocal  microscope  (Carl  Zeiss,  Inc.,  Thomwood,  NY).  Excitation 
of  phycoerythrin  was  performed  by  using  a  568-nm  laser,  and  the  resulting 
fluorescence  was  captured  by  using  a  590-  to  610-nm  band-pass  filter.  The 
intensity  of  the  fluorescent  signal  was  measured  by  using  Zeiss  Image  soft¬ 
ware.  Background  fluorescence  correction  was  made  by  subtracting  the  signal 
obtained  from  an  image  prepared  in  the  same  manner  as  above  with  the 


exception  that  nonimmune  rabbit  polyclonal  IgG  was  substituted  for  the  rabbit 
3-NT  antibody.  The  concentration  of  nonimmune  IgG  was  the  same  as  that 
used  for  3-NT  antibody,  and  the  image  location  was  identical  to  that  used  in 
3-NT  stained  section.  Tissue  sections  exposed  to  5  pM  of  peroxynilrite  were 
used  as  positive  controls,  and  competitive  inhibition  of  3-NT  antibody  binding 
with  free  3-NT  (10  pM)  and  reduction  of  3-NT  before  exposure  to  3-NT 
antibody  were  used  as  negative  controls. 

Data  analysis 

Means  and  standard  error  of  means  are  shown  in  graphs.  The  statistical 
significance  of  differences  between  control  and  MW-exposed  animals  3-NT 
accumulation  was  determined  by  using  a  post  hoc  Tukey  Least  Significant 
Difference  test.  P  <  0.05  were  considered  statistically  significant. 

RESULTS 

Table  I  shows  the  MW  exposure  times  required  to  obtain 
either  the  Tc  endpoint  or  the  MAP  endpoint  (in  the  42+  group) 
in  each  of  the  groups.  Thermal  and  cardiovascular  responses  to 
MW  exposure  in  the  42+  group  are  illustrated  in  Fig.  I.  As 
noted  before  (1),  Tsl  began  to  increase  at  the  onset  of  MW 
exposure,  whereas  increases  in  Tc  temporally  lagged  the  TsI 
increase.  Tympanic  temperature  increases  paralleled  those  of 
Tc,  whereas  tail  temperature  began  to  increase  (indicating  tail 
vasodilation)  when  Tc  reached  approximately  37.5°C  (data  not 
shown).  Heart  rate  increased  continuously  throughout  the  pe¬ 
riod  of  MW  exposure,  reaching  the  maximum  level  able  to  be 
recorded  by  our  computer  system  at  42.5  min  (Fig.  1 ).  MAP 
was  well  maintained  during  the  initial  phase  of  MW  exposure, 
increased  dramatically  to  a  peak,  and  then  decreased  pro¬ 
foundly.  In  contrast  to  previous  observations  in  ketamine-  or 
pentobarbital-anesthetized  rats  (1,  8-10),  the  decline  in  MAP 
in  urethane-anesthetized  rats  in  this  study  began  as  Tc  approxi¬ 
mated  4I.5°C,  rather  than  <40°C.  Consequently,  the  MW  ex¬ 
posure  time  required  for  circulatory  failure  (as  defined  by  MAP 
decreasing  to  75  mmHg;  Table  1)  was  also  longer  than  in 
previous  studies  in  ketamine-  or  pentobarbital-anesthetized  rats 
(1,  8-10). 

Exposure  to  MW  increased  3-NT  accumulation  in  liver,  kid¬ 
ney,  lung,  intestine,  and  connective  tissue  within  the  gut,  and 
also  in  peripheral  leukocytes,  but  not  in  irradiated  (left  abdomi¬ 
nal)  skin.  Fig.  2  demonstrates  that  increased  fluorescence  in¬ 
tensity,  shown  as  increased  brightness,  is  elevated  in  livers  of 
all  MW-exposed  rats  and  is  negligible  in  non-MW-exposed 
rats.  We  validated  that  the  antibody  was  specific  to  3-NT  by 
exposing  tissue  sections  to  the  3-NT-specific  antibody  concur¬ 
rently  with  10  p,M  of  3-NT.  This  negative  control  showed 
fluorescence  intensity  that  was  similar  to  that  of  sections  ex¬ 
posed  to  the  sham  antibody  control  (micrographs  not  shown). 
Furthermore,  we  exposed  tissue  sections  to  the  nitrating  agent 


Table  1 .  MW  exposure  times  required  to  attain  the  Tc  or  MAP 
(i.e„  MAP  =  75)  mm  Hg  for  42+  group)  endpoint  in  each  group 


Tc  at  endpoint  (°C) 

MW  exposure  time  (min) 

38 

15.0  ±3.0 

39 

24.0  ±  1.5 

40 

33.7  ±  1.9 

41 

44.2  ±  1.8 

42+ 

60.3  ±  2.4 

(42.7  ±0.1) 
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Fig.  1.  Thermal  and  cardiovascular  responses  to  MW  exposure 
in  the  group  exposed  until  MAP  =  75  mm  Hg  (i.e.,  the  42+  group). 

Tsl,  left  subcutaneous  temperature;  Tc,  colonic  temperature;  MAP,  mean 
arterial  blood  pressure;  HR,  heart  rate. 

peroxynitrite  (5  ju-M)  for  2  s  and  compared  these  with  adjacent 
sections  processed  in  an  identical  lashion  but  exposed  to  the 
sham  antibody.  In  this  case,  staining  intensity  was  significantly 
greater  in  peroxynitrite-exposed  tissue  sections  stained  with  the 
3-NT  antibody.  These  data  show  that  the  procedures  that  were 
used  here  are  specific  tor  3-NT.  A  similar  validation  approach 
was  also  used  in  flow  cytometric  determination  of  3-NT  ac¬ 
cumulation  in  peripheral  leukocytes  with  similar  results. 

We  also  measured  and  compared  the  accumulation  of  3-N  1 
in  liver  and  lung  at  various  times  corresponding  to  Tc  values. 
To  realize  this  goal,  micrographs  like  those  shown  in  Fig.  2 
were  converted  into  pixel  maps  of  brightness  or  grayscale  val¬ 
ues.  In  the  case  of  the  liver,  a  grayscale  map  was  constructed 
for  both  a  3-NT-stained  section  and  a  sham  control  prepared 
from  the  next  tissue  section  in  series.  The  grayscale  pixel  maps 
from  3-NT  immunostained  and  antibody  sham  control  sections 
were  superimposed,  and  grayscale  values  of  the  sham  contiol 
were  subtracted  from  the  tissue  section  immunostained  with 
the  3-NT  specific  antibody.  For  example,  the  grayscale  values 
corresponding  to  Fig.  2b  were  subtracted  from  the  values  for 
Fig.  2a.  If  there  is  no  accumulation  of  3-NT,  then  the  expec¬ 
tation  is  that  the  mean  grayscale  difference  is  0.  Fig.  3  shows 
the  results  of  a  typical  analysis.  In  the  ease  ot  ihe  tempeiatuie 
control  (TC),  grayscale  differences  in  pixel  values  range  from 
-30  to  30  with  the  geometric  mean  occurring  at  2.3,  a  value 


Fig.  2.  Accumulation  of  3-NT  in  the  liver  of  MW-exposed  rats,  (a) 

MW  (+),  3-NT  Ab(+);  (b)  MW  (+),  3-NT  Ab(-);  (c)  MW(-),  3-NT  Ab(+);  (d) 
MW(-),  3-NT  Ab(-).  Magnification  x630,  590-  to  610-nm  band-pass  filter 
associated  with  phycoerythrin.  Panels  a  and  b,  and  panels  c  and  d  are 
serial  sections,  same  location  within  organ. 

that  is  statistically  indistinguishable  from  0.  In  contrast,  the 
values  obtained  from  animals  with  Tc  =  39°C  have  a  range  of 
10-100  with  a  mean  difference  of  45. 1 .  A  similar  method  was 
used  in  analysis  of  tissues  obtained  from  lung. 

The  relationship  between  Tc  and  differences  in  3-NT  are 
summarized  in  Fig.  4.  Fig.  4  shows  the  following;  I )  3-N  I  is 
present  in  lung  but  not  liver  of  control  rats;  2)  maximum  ac¬ 
cumulation  of  3-NT  occurs  at  Tcs  not  associated  with  circula¬ 
tory  failure,  i.e.,  Tc  <  40°C;  and  3)  3-NT  accumulation  is 
reduced  to  control  levels  at  Tc  >  40°C. 


Fluorescence  Intensity 

Fig.  3.  Distribution  of  3-NT  fluorescence  in  liver.  Relative  fluores¬ 
cence  corrected  for  background.  Sum  of  10  images  taken  from  2  rats  (20 
images  total)  at  each  Tc.  Geometric  mean  of  each  population  is  repre¬ 
sented  as  a  symbol  in  Fig.  2. 
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Colonic  Temp.  (°C) 

Fig.  4.  3-NT  levels  in  liver  and  lungs  of  MW-exposed  rats.  Solid 
circles  represent  lung  tissue;  solid  squares  liver.  Each  symbol  repre¬ 
sents  mean  of  8-10  tissue  regions  obtained  from  2  animals.  Values  are 
in  relative  fluorescence  units. 


Fig.  5  shows  how  3-NT  is  distributed  in  various  organs  after 
exposure  to  MW.  Significant  accumulation  of  3-NT  occurred 
within  the  distal  ileum  as  shown  in  Fig.  5a.  Fig.  5a  shows  that 
accumulation  was  highest  in  the  tips  of  the  villus  and  on  the 
endothelium  of  small  arteries,  suggesting  that  generation  of 
nitrating  compounds  occurred  directly  within  these  tissues.  Fig. 
5c  shows  that  accumulation  of  3-NT  is  highest  within  the  cy¬ 
toplasm  of  the  distal  tubule  and  is  not  found  within  the  glo¬ 
merulus  or  within  the  endothelium  lining  the  tubule.  Because 
the  tubule  is  a  site  of  extensive  amino  acid  readsorption,  we 
speculate  that  3-NT  accumulation  reflects  readsorption  of  free 
3-NT  from  plasma  rather  than  generation  of  nitrating  radicals 
within  the  kidney  itself.  Fig.  5e  and  5f  show  that  3-NT  is 
uniformly  distributed  throughout  the  lung  and  that  control  ani¬ 
mals  also  show  significant  3-NT  accumulation  in  the  lung,  an 
observation  that  is  reflected  in  Fig.  4. 

Accumulation  of  3-NT  in  leukocytes  is  shown  in  Fig.  6.  Fig. 
6  shows  that,  unlike  lung  and  liver,  which  show  maximal  ac¬ 
cumulation  at  relatively  low  Tcs,  leukocytes  show  maximal 
accumulation  after  relatively  long  exposures  to  MW  that  are 
sufficient  to  induce  circulatory  failure.  Both  granulated  cells 
and  lymphocytes  show  similar  levels  of  3-NT  accumulation. 
Because  lymphocytes  have  little  capacity  to  generate  nitrating 
radicals,  it  is  expected  that  they  will  also  show  little  accumu¬ 
lation  of  3-NT  via  autonitration.  This  suggests  that  nitration  of 
peripheral  leukocytes  occurred  as  a  result  of  passage  through 
tissue-generating  nitrating  radicals,  not  from  generation  of  ni¬ 
trating  radicals  themselves. 

Fig.  7  shows  that  plasma  proteins  show  a  pattern  of  accu¬ 
mulation  virtually  identical  to  that  seen  in  the  lung.  Proteins  in 
plasma  are  not  expected  to  demonstrate  any  capacity  to  gen¬ 
erate  nitrating  species  themselves  but  rather  become  nitrated 
during  passage  through  tissue.  The  observation  that  3-NT  lev¬ 
els  decline  at  Tcs  associated  with  shock  induction  suggests  that 
nitrate  groups  present  on  plasma  proteins,  or  the  proteins  them¬ 
selves,  are  rapidly  cleared  from  the  circulation  after  rapid  pro¬ 
duction  during  the  first  20  min  of  exposure. 


Fig.  5.  Distribution  of  3-NT  in  tissue  after  exposure  to  MW. 

Transmitted  light  image  overlaid  with  image  from  490-  to  510-nm  band¬ 
pass  filter  corresponding  3-NT.  (a)  Distal  ileum  of  rat  with  final  T0  = 
42.7°C  (i.e.,  in  MW-induced  shock),  (b)  Same  region  in  sham  control,  (c) 
Kidney  of  rat  with  final  Tc  =  42.7°C.  Glomerulus  in  lower  left  hand  corner; 
bright  red  areas  in  interstitial  spaces  between  tubules  are  red  blood 
cells,  (d)  Sham  control.  Bright  spots  are  red  blood  cells;  glomerulus 
shown  in  upper  right  hand  corner,  (e)  Lung  tissue  in  animal  with  final  T0 
=  39°C  (nonshock)  showing  uniform  distribution  of  3-NT.  (f)  Sham  con¬ 
trol  showing  positive  staining  though  at  only  30%  the  intensity  of  MW- 
exposed  rat.  Panels  c  and  d,  xIOOO;  all  others  x630. 

DISCUSSION 

The  production  of  nitrating  radicals  and  subsequent  accu¬ 
mulation  of  3-NT  occurs  during  models  of  shock  arising  from 
various  physiological  insults.  Our  findings  are  unique  because 
MW-induced  shock  is  not  associated  with  significant  blood 
loss  or  extensive  trauma  (22).  Examination  of  previous  reports 
about  shock  produced  by  other  insults,  particularly  hemorrhage 
shock,  is  informative  because  it  demonstrates  that  MW- 
induced  circulatory  failure  is  not  unique  for  underlying  pathol¬ 
ogy,  but  rather  shares  many  common  aspects.  Szabo  et  al.  (13) 
showed  that  hemorrhage  to  a  blood  pressure  of  50  mmHg 
produces  a  9-fold  increase  in  peroxynitrite  within  1  h,  demon¬ 
strating  that  nitrating  species  are  generated  very  rapidly  during 
the  early  phase  of  shock.  Inhibition  of  de  novo  NO  synthesis  by 
L-NAME  reduced  peroxynitrite  production  to  levels  observed 
in  control  conditions  (13),  suggesting  that  de  novo  synthesis  is 
important  in  the  generation  of  nitrating  radicals  during  hem- 
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Fig.  6.  3-NT  levels  in  lymphocytes  and  neutrophils  after  MW  ex¬ 
posure.  Solid  circles  represent  lymphocytes;  solid  squares  represent 
neutrophils.  Each  symbol  is  the  mean  value  of  5—8  rats.  Values  are  in 
relative  fluorescence  units. 


Fig.  7.  3-NT  levels  in  plasma.  Solid  squares  represent  mean  of  6-8 
rats. 


orrhagic  shock.  It  is  unclear  from  the  results  that  we  have 
obtained  herein  whether  administration  ot  L-NAME  would  al¬ 
ter  tissue  distribution  of  3-NT  after  MW  exposure,  although  it 
is  clear  from  previous  work  that  L-NAME  does  little  to  alter 
either  the  decrease  in  blood  pressure  or  the  time  course  of 
circulatory  failure  following  MW  exposure  (8,  9).  The  rela¬ 
tionship  between  NOS  inhibition,  3-NT  accumulation,  and  he¬ 
modynamic  instability  is  currently  under  investigation. 

The  source  of  NO  produced  during  hemorrhagic  shock  is 
still  far  from  clear;  however,  our  observations  of  MW-induced 
shock  are  consistent  with  the  current  knowledge  about  this 
question.  Constitutive,  endothelial  NOS  messenger  ribonucleic 
acid  (mRNA)  and  protein  were  not  found  to  be  upregulated  in 
either  the  liver  or  the  lung  following  hemorrhagic  shock  (23). 
In  this  case  (23),  plasma  nitrate/nitrite  levels  were  not  affected, 
but  nitrosylated  hemoglobin  increased,  suggesting  that  libera¬ 
tion  of  NO  from  some  source  did  occur.  This  finding  suggests 
that  de  novo  synthesis  of  NO  is  not  a  strict  requirement  for 
nitration  to  occur  in  hemorrhagic  shock  and,  by  extension,  in 
other  models  of  shock  such  as  that  induced  by  sustained  MW 


exposure.  In  a  similar  hemorrhagic  shock  model,  Smail  et  al. 
(24)  showed  that  plasma  nitrate/nitrite  levels  increased  ap¬ 
proximately  4-fold  in  shock  versus  nonshock  controls  1 .5  h 
after  induction  and  approximately  12-fold  at  4  h.  Furthermore, 
concentrations  of  nitrate/nitrite  at  4  h  in  liver  and  intestine  were 
found  to  be  3-  and  4-fold  greater,  although  levels  in  the  kidney 
were  not  significantly  increased.  In  a  model  of  splanchnic  ar¬ 
tery  occlusion  shock  (25),  distal  ileum  was  necrotic  and  stained 
positively  for  3-NT  1  h  after  reperfusion,  a  result  that  is  con¬ 
sistent  with  MW  exposure  that  we  observed. 

We  observed  that  oxidative  stress,  as  indicated  by  accumu¬ 
lation  of  3-NT  in  the  liver  and  the  lung,  occurs  after  MW 
exposures  that  are  not  associated  with  vascular  decompensa¬ 
tion  and  shock,  i.e.,  exposures  resulting  in  Tc  <  40°C.  Further¬ 
more,  maximal  accumulation  occurs  at  38-39°C  with  decline 
to  near  baseline  levels  as  exposure  time  and  Tc  increase  further. 
One  possible  explanation  for  this  phenomenon  is  that  oxidative 
stress  in  these  organs  occurs  within  the  first  20  min  of  MW 
exposure,  resulting  in  a  buildup  of  3-NT.  After  approximately 
20  min,  production  of  new  adducts  may  cease,  and  nitro  ad¬ 
ducts  are  removed  so  that,  at  longer  exposures  (and  higher  Tc), 
levels  of  3-NT  in  these  organs  return  to  baseline  levels.  In 
support  of  this  hypothesis  is  the  finding  of  Kamisaki  et  al.  (26) 
who  showed  that  3-nitro  adducts  to  tyrosine  in  bovine  serum 
albumin  (BSA)  have  a  half-life  of  approximately  10  min  when 
incubated  with  rat  spleen  or  lung  homogenates.  This  report  also 
showed  that  liver  and  kidney  have  virtually  no  ability  to  re¬ 
move  3-nitro  adducts  from  BSA.  Pretreatment  of  rats  with 
endodotoxin  increased  clearance  of  3-nitro  adducts,  suggesting 
that  denitration  mechanisms  are  inducible  (26).  Because  little 
is  now  known  about  “denitrase”  activity,  regulation,  or  speci¬ 
ficity,  it  is  possible  that  a  denitrase  enzyme  present  in  the  liver 
may  have  negligible  activity  toward  nitrated  BSA  but  may 
have  high  activity  against  nitrated  proteins  found  in  the  liver 
after  exposure  to  MW.  The  finding  that  plasma  proteins  show 
a  pattern  of  nitration  buildup  and  decline  similar  to  that  ob¬ 
served  in  lung  is  supported  by  the  findings  of  Gow  et  al.  (27) 
who  showed  that  nitrated  BSA  has  a  half-life  of  approximately 
15  min  when  incubated  with  plasma.  Taken  together,  our  ob¬ 
servations  are  generally  in  accord  with  these  reported  denitrase 
kinetics,  with  the  notable  exception  that  peripheral  leukocytes 
show  a  distinctly  different  pattern  of  accumulation. 

Peripheral  leukocytes  show  no  accumulation  of  3-NT  until 
T  reaches  40°C,  the  point  where  lung,  liver,  and  plasma  pro¬ 
teins  are  returning  to  control  levels  of  accumulation.  Even 
more  surprising  is  the  observation  that  lymphocytes,  which 
have  little  capacity  to  produce  peroxynitrite  (28),  have  nearly 
the  same  level  of  accumulation  as  neutrophils,  which  do  have 
this  ability.  Neutrophils  are  a  particularly  attractive  candidate 
for  production  of  oxidative  stress  because  they  can  generate 
nitrating  species  within  the  time  limits  imposed  by  the  MW- 
induced  shock  phenomenon  and  do  not  require  de  novo  syn¬ 
thesis  of  NO.  Eiserich  et  al.  (29)  showed  that  neutrophils  can 
generate  nitryl  chloride,  a  nitrating  and  chlorinating  radical 
formed  from  hydrogen  peroxide,  and  physiological  levels  of 
nitrate.  Because  neutrophils  have  also  been  implicated  in  isch¬ 
emic  injury,  we  had  initially  hypothesized  that  they  may  play 
an  important  role  in  MW-induced  shock.  Peripheral  neutro- 
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pliils  did  show  significant  levels  of  3-NT  after  exposures  as¬ 
sociated  with  shock,  and  slight  accumulation  of  neutrophils 
was  observed  in  colon  (not  shown).  However  no  neutrophils 
were  noted  in  liver  and  lung  after  MW  exposure  not  associated 
with  shock,  i.e.,  <40°C.  Taken  together,  these  data  suggest  that 
activated  neutrophils  are  not  responsible  for  the  extensive  tis¬ 
sue  accumulation  of  3-NT  observed. 

It  should  be  noted  that  blood  pressure  began  to  decrease  in 
this  study  using  urethane-anesthetized  rats  occurred  at  Tc  > 
41.5°C  and  at  longer  exposure  times  than  in  previous  studies. 
For  example,  MAP  first  began  to  decrease  when  Tc  exceeded 
37.5°C  in  ketamine-anesthetized  rats  (1).  Furthermore,  the  on¬ 
set  of  circulatory  failure  (as  defined  by  MAP  decreasing  to  75 
mmHg)  in  this  study  occurred  at  42.7  ±  0.1  °C;  in  previous 
studies  using  either  ketamine-  or  pentobarbital-anesthetized 
rats,  the  onset  of  circulatory  failure  occurred  at  Tcs  approxi¬ 
mating  40°C  (8-10).  Indeed,  death  produced  by  continuous 
MW  exposure  occurred  at  Tc  <  42°C  in  ketamine-anesthetized 
rats  (1, 30).  In  each  of  these  previous  instances,  MW  exposure 
produced  a  much  more  pronounced  difference  between  Tsl  and 
Tc  than  that  observed  in  the  current  study.  Because  the  expo¬ 
sure  parameters  used  in  all  of  these  experiments  were  identical, 
it  is  probable  that  the  difference  in  temperature  distribution  and 
consequent  timing  of  the  hypotensive  response  is  due  to  the  use 
of  urethane  anesthesia  rather  than  either  ketamine  or  pentobar¬ 
bital.  Urethane  was  used  in  this  study  because,  concurrently 
with  taking  blood  and  tissue  samples  for  nitrated  protein  analy¬ 
sis,  blood  and  brain  samples  were  simultaneously  taken  for 
analysis  of  catecholamine  content  (data  not  reported  herein); 
the  use  of  urethane  is  common  and  well  accepted  for  determi¬ 
nation  of  catecholamine  levels  (31,  32).  The  mechanism  un¬ 
derlying  the  effect  of  urethane  anesthesia  on  the  relationship 
between  TL.  and  the  development  of  hypotension  during  MW 
exposure  is  not  well  understood.  It  is  interesting  to  note  that, 
whatever  the  mechanism,  the  increased  levels  of  Tc  attained 
before  hypotension  ensues  correspond  to  the  levels  of  Tc  re¬ 
quired  to  produce  hypotension  and  heat  stroke  by  environmen¬ 
tal  heating.  That  is,  MAP  begins  to  decrease  at  Tc  >  41.5°C  in 
conscious  (4),  chloralose-anesthetized  (4),  or  urethane- 
anesthetized  (33)  rats  when  exposed  to  prolonged  heat  stress. 
Whether  accumulation  of  3-NT  in  tissues  of  animals  exposed 
to  environmental  heat  stress  is  also  increased  is  not  known  but 
is  worthy  of  further  study. 

MW  exposure  induces  a  burst  of  oxidative  stress  that  results 
in  extensive  nitration  in  tissues  far  removed  from  the  site  of 
MW  exposure.  The  transient  accumulation  of  3-NT  appears  to 
be  unrelated  to  vascular  collapse  because  maximal  accumula¬ 
tion  occurs  after  exposures  insufficient  to  produce  shock.  This 
does  not  strictly  rule  out  the  possibility  that  nitrating  radicals 
contribute  to  this  model  of  shock  induction.  Peroxynitrite  has 
been  shown  to  increase  levels  of  cyclic  guanosine  monophos¬ 
phate  in  smooth  muscle,  suggesting  that  nitration  may  lead  to 
vasodilation  and  thus  contribute  to  hypotension  (34).  If  liber¬ 
ated  in  sufficient  quantities,  3-NT  may  also  reduce  the  effect  of 
epinephrine  and  other  adrenergic  agonists  (35)  and  attenuate  the 
vascular  response  to  angiotensin  II  (36),  phenomena  that  might 
be  expected  to  contribute  to  vascular  decompensation.  Re¬ 
cently,  peroxynitrite  has  also  been  shown  to  attenuate  vascular 


responses  to  adrenergic  agonists  (37).  Because  nitration  has 
been  shown  to  modify  or  inactivate  many  proteins,  it  is  also 
possible  that  direct  modification  of  adrenergic  receptors,  other 
receptors,  or  vascular  smooth  muscle  itself  may  leave  the  vas¬ 
culature  vulnerable  to  additional  stress.  Investigations  are  cur¬ 
rently  underway  to  establish  if  there  is  a  direct  relationship 
between  nitration  and  vascular  decompensation  in  this  model. 
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